Abstract
Introduction

35
RNA interference is a powerful and well-conserved mechanism for sequence specific 36 gene silencing (HUTVÁGNER AND ZAMORE 2002 bacteria, by tissue-specific expression of dsRNA from transgenes , and by dsRNA 50 injection into somatic tissues, the germline, or the pseudocoelom (PC, body cavity) 51 (JOSE et al. 2009 ). Initial investigation of sid-1-dependent heritable RNAi by dsRNA 52 injection showed that dsRNA targeting a germline expressed mRNA injected into the 53 gonad of sid-1 mutant animals produced affected progeny, while injection into the 54 intestine or the PC produced no affected progeny (WINSTON 2002; WINSTON et al. 2002) . 55 Similar injections into wild-type animals produced near 100% affected progeny. These 56 results showed that sid-1 is required for transport of dsRNA into the germline, but is not 57 required for RNAi itself in the germline. Similar results were expected for injection of 58 dsRNA targeting the somatic muscle gene unc-22, which is required for normal muscle 59 function. However, while unc-22 dsRNA injection into wild-type animals produced many 60 affected progeny, similar injections into sid-1 mutants failed to produce affected progeny, 61 even among the progeny of germline injected mothers. This was unexpected because 62 the syncytial germline cytoplasm is continuous with the oocyte/embryo cytoplasm and 63 thus SID-1 should not be required. Also unexpectedly, crossing wild-type males to unc-64 22 dsRNA injected sid-1 mutant hermaphrodites restored silencing to the progeny. This 65 was true for both germline injected mothers (WINSTON et al. 2002) as well as PC 66 injected mothers (WINSTON 2002) . These results revealed a role for sid-1 in the embryo 67
and an unidentified sid-1-independent pathway for dsRNA transport to embryos. 68
Here we report a detailed genetic and cytological investigation of dsRNA 69 transport into oocytes and embryos. We identify three dsRNA transport process that 70 support inherited RNAi. First, as expected, germline injected dsRNA segregates, 71 independent of sid-1 activity, to embryos resulting in temporally limited silencing.
72
Second, maternally expressed sid-1 transports extracellular dsRNA into the germline.
73
Third, the LDL receptor superfamily homolog RME-2 enables endocytosis of dsRNA into 74
oocytes, but to initiate RNAi in the resulting embryos zygotic sid-1 and sid-5 are 75 required, presumably to release membrane encapsulated dsRNA into the cytosol. previous observations of systemic silencing, the proportion of twitching progeny from 104 injected wild-type animals quickly rose to 100% and was sustained for the duration of 105 the experiment (Fig. 1B) . In contrast to previous observations, we found that injecting 106 dsRNA directly into the syncytial gonads of sid-1 -/-animals produced strongly twitching 107 progeny. However, this was only true of embryos laid within approximately the first 18 108 hours after injection (Fig. 1A) . The timing of peak silencing varied between injected P 0 109
animals, but always reached 100% (Fig. S1 ). The subsequent decrease in fraction of 110 silenced F 1 embryos to zero suggests that the injected unc-22 dsRNA is rapidly 111 depleted. In the previous experiments (WINSTON 2002; WINSTON et al. 2002) , the 112 injected hermaphrodites were allowed to recover for up to 24 hours before progeny 113 were collected and scored for silencing. The apparent rapid depletion of syncytial 114 germline injected dsRNA explains the past failure to detect sid-1-independent silencing. 115
Furthermore, when a single gonad arm was injected in sid-1 mutant animals, only a 116 maximum of 50% twitching progeny was produced (Fig. 1C, S1 ). Thus, sid-1 117 independent silencing is restricted to the cytoplasm containing the injected dsRNA. In 118 contrast, the control injections into a single gonad of wild-type hermaphrodites clearly 119
show gonad injected dsRNA is mobile between gonad arms (Fig. 1D) silencing. We split a batch of freshly hatched wild-type larvae into 3 populations and 166 exposed each to unc-22 RNAi food on either day 1 (L1/L2), day 2 (L3/L4), or day 3 167 (adult) after hatching, thoroughly washing off residual bacteria each day. After a final 168 wash, animals were allowed to lay F 1 progeny on non-RNAi food. We found that only 169 animals exposed to unc-22 food as adults efficiently produced twitching progeny ( Fig.  170 3B), even though the P 0 animals fed on days 1 and 2 still exhibited a strong Unc-22 171 twitching phenotype immediately after RNAi exposure. Using these conditions, we found 172 that the progeny of wild type and rme-2 adults placed on unc-22 food show similar 173
proportions of twitching progeny (Fig. 3C) . Similarly, rme-2 L4 animals exposed to RNAi 174 do not produce twitching progeny, in agreement with Marré et al. Because inherited 175
RNAi by dsRNA feeding requires adult exposure, it is reasonable to assume that the 176 slightly slower development of rme-2 mutants differentially limited the period of adult 177 exposure compared to wild-type animals when initially placed on the RNAi food as L4 178 larvae. In conclusion, independent of the means of dsRNA delivery, rme-2 is not 179 required for transport of dsRNA into the germline. 180 181 sid-5 functions with sid-1 in the embryo 182
Pseudocoelomic unc-22 dsRNA transported into oocytes or embryos in the absence of 183 maternal sid-1 requires embryonic sid-1 to silence unc-22. We next asked whether sid-2, 184 sid-3, or sid-5 are also required in the embryo. We first crossed sid-1; sid-2 double 185 mutant hermaphrodites injected with unc-22 dsRNA to either wild type or sid-2 males 186 and scored silencing in the cross progeny. If sid-2 activity is required in the embryo, 187 then the cross progeny of only the wild type males will twitch. If sid-2 activity is not 188 required in the embryo, then the cross progeny of both wild type and sid-2 males will 189 twitch. Using this method we determined that neither sid-2 nor sid-3 are required for 190 either maternal uptake or embryonic release ( Fig. 2A,B Our finding that RME-2 is required for silencing signals to reach developing oocytes and 208 embryos suggests an association between RNA and yolk. We sought evidence of this 209 association by labeling and visualizing both components. We synthesized unc-22 210 dsRNA using 5-ethynyluridine (5EU) nucleotides, replacing a significant fraction of the 211 normal uridine nucleotides with nucleotides carrying the modified base. 5EU carries a 212 small alkyne modification that allows the RNA to be easily visualized after fixation and 213 labeling through click chemistry (JAO AND SALIC 2008). 5EU-labeled unc-22 dsRNA 214 injected into a single gonad arm of a wild-type worm results in >50% twitching progeny, 215 indicating that, like unmodified dsRNAs, 5EU dsRNA is both mobile and capable of 216 silencing target genes (Fig 4A) . 217
To determine whether fluorescently labeled 5EU signal represents intact dsRNA 218
and not degraded nucleotides or other irrelevant species, we used a second label and 219 synthesized dsRNA composed of one strand labeled with 5EU and the other strand 220 internally labeled with Cy5-uridine. Although Cy5-labeled dsRNA is not capable of 221 systemic RNAi, it suffices for demonstrating the properties of labeled dsRNA. We 222 injected the Cy5:5EU duplex dsRNA into the PC of adult hermaphrodites and several 223 hours later fixed the animals to visualize both labels (Fig. 4B) . Much of the signal 224 appears in the pseudocoelom as pools surrounding other tissues. Importantly, both 225 labels are detected in the same locations and their intensities appear closely correlated. 226
Coinciding labeled RNA was also detected in punctate foci in coelomocytes, providing 227 further evidence for the structure and stability of the injected RNA. 228
In addition to the Cy5:5EU duplex, we also injected a 1:1 mixture of Cy5-labeled 229 dsRNA with 5EU-labeled dsRNA. We found that although these mixed dsRNAs were 230 both readily detectable in the PC, their apparent relative abundances were much less 231 well-correlated than the co-labeled duplex dsRNA, and more frequently one label could 232 be seen without the other (Fig. 4C) . That is, when not physically bound together, each 233 label appears free to vary independently. Together, these data suggest that 5EU 234 fluorescence represents bona fide dsRNA as opposed to disassociated strands or 235 degraded nucleotides or labels.
236
We also attempted to detect labeled RNA in embryos from PC-injected 237 hermaphrodites. The Cy5:5EU heteroduplex was not detected above background in 238 embryos (Fig. 4D) . Furthermore, while we could detect 5EU-labeled RNA punctae in 239 embryos, the co-injected Cy5-labeled RNA was only detected in the PC and 240 coelomocytes (Fig. 4E ). These observations are consistent with Cy5-containing RNA 241 being impaired for normal trafficking while 5EU-labeled RNA behaves as expected for 242 unmodified RNA. The inability of either the Cy5:5EU heteroduplex or Cy5-RNA to enter 243 embryos suggests there is selectivity in the RME-2-dependent transmission process. 244
Such selectivity is not expected if dsRNA is simply hitchhiking on yolk proteins. 245 246
Labeled dsRNA and VIT-2::GFP largely fail to co-localize 247
We next sought to characterize the relationship between dsRNA and yolk. Previous 248 studies have shown co-localization of yolk and end-labeled dsRNA that lessens after 249 fertilization (MARRÉ et al. 2016) . We injected our 5EU-labeled dsRNA into the PC of 250 adults expressing GFP-labeled yolk (vit-2::GFP) and imaged the injected adults as well 251 as isolated embryos. We detected 5EU-labeled dsRNA co-localized with VIT-2::GFP 252 granules at the surface of developing oocytes in adult gonads (Fig. 5A) , in agreement 253 with prior observations (MARRÉ et al. 2016 ). This co-localization is consistent with co-254 dependence on oocyte-expressed RME-2 for the uptake of yolk and RNA. However, 255 interior sections contain 5EU punctae not associated with any yolk, suggesting that 256 although they may share the same endocytosis receptor, they are either separately 257 endocytosed or sorted to different endosomes soon after import. While previous studies 258 reported loss of co-localization in embryos past the 4-cell stage (MARRÉ et al. 2016), 259
higher resolution imaging suggests that the separation of yolk and dsRNA can be seen 260 even earlier in oocytes soon after import (Fig. 5A) . Analysis of 5EU-labeled dsRNA and 261 VIT-2::GFP in embryos is consistent with this view. The majority of detectable 5EU 262 fluorescence in embryos does not co-localize with GFP fluorescence (Fig. 5B) . The lack 263 of co-localization might reflect sid-1-dependent release of dsRNA from endosomes. 264
However, in sid-1 -/-mutant embryos labeled dsRNA also fails to co-localize with VIT-265 2::GFP (Fig. 5B) . This further supports the idea that although dsRNA and yolk share a 266 common mechanism for endocytosis into oocytes, they likely do not share common 267 endosomal compartments. 268 269 dsRNA Transits RAB-7-Containing Vesicles Independent of SID-1 270
Since internalized dsRNA appears to be physically separate from yolk granules, we 271 wondered whether the 5EU punctae might co-localize with the late endosome marker 272 RAB-7 (FENG et al. 1995; GRANT AND HIRSH 1999). We injected adult hermaphrodites in 273 the PC with 5EU-labeled dsRNA and visualized the resulting embryos in conjunction 274
with antibody staining against GFP-labeled RAB-7. In wild-type embryos, we 275 occasionally detected dsRNA together with RAB-7-positive vesicles, but the majority of 276 the 5EU punctae were not associated with GFP-RAB-7 (Fig. 6A, upper row) . In sid-1 277 mutant embryos, 5EU punctae are also readily detected outside of RAB-7 vesicles, and 278 there does not appear to be significantly more 5EU retained within RAB-7 vesicles (Fig.  279 6A, lower row). Thus, although silencing by inherited dsRNA involves early steps in the 280 endocytotic pathway, the dsRNA appears to transit this system rapidly. Although sid-1 is 281 required for inherited silencing, its activity is not apparent in the localization of 5EU-282 labeled dsRNA in oocytes or early embryos. 283 284
Discussion
285
Intercellular dsRNA transport in C. elegans via the dsRNA channel SID-1 supports 286 systemic gene silencing throughout the animal and its progeny. Here, we have 287 described and characterized the maternal and embryonic processes that support 288 intergenerational dsRNA transport, as summarized in figure 6B . 289
First, we more fully described the result of dsRNA injection into the gonad. In . While we still do not understand how injected dsRNA escapes 294 the injected gonad arm or its long-term persistence within the injected animals, its 295 subsequent uptake into both gonad arms can occur by either a sid-1-dependent process 296 or a sid-1-independent but rme-2-dependent process (Figure 2) . Consistent with the 297 role of RME-2 as an endocytosis receptor, sid-1 activity is required subsequently, 298 presumably to release dsRNA from a membrane enclosed compartment (Figure 3) . A 299 recent report concluded that silencing in progeny in response to ingested dsRNA is 300 dependent on rme-2 (MARRÉ et al. 2016). Because this conflicts with our results, we 301 repeated their analysis, discovering that progeny silencing in response to parental 302 feeding RNAi is developmentally restricted, being most effective in adults. We found 303 that the progeny of rme-2 adults are efficiently silenced by feeding RNAi, and suggest 304 that the slowed development of rme-2 animals may have compromised their analysis 305 (Figure 3 ).
306
The redundancy between sid-1 and rme-2 for uptake and transport of dsRNAs 307 into the germline is contrasted by the necessity for both sid-1 and sid-2 for uptake and 308 transport of dsRNAs into the intestine (WINSTON et al. 2007 ). Presumably, oocyte 309 expressed SID-1 localizes to the plasma membrane adjacent to the PC space, whereas 310 intestinal expressed SID-1 does not localize the lumenal plasma membrane. This 311 difference may reflect the privileged environment of the PC space, relative to the 312 ingested intestinal milieu. An alternative but unlikely scenario is that a second oocyte 313 expressed endocytosis receptor accounts for the rme-2-independent uptake. However 314 such activity should be apparent in silencing the progeny of rme-2; sid-1 double mutants, 315 which is not detected. The redundancy between sid-1 and rme-2 is significant in light of 316 reports of sid-1-independent RNAi-dependent transgenerational inheritance (SCHOTT et 317 al. 2014). It will be interesting to determine whether alternative RNA uptake 318 mechanisms mediate transgenerational inheritance and inheritance of acquired traits.
319
Our genetic and cytological analysis of dsRNA in oocytes and embryos revealed 320 a role for sid-5 alongside sid-1 in dsRNA import and showed that despite sharing an 321 endocytosis receptor, yolk protein and dsRNA travel independent intracellular routes. 
Materials and Methods
344
Strains 345
The following strains were used: N2 wild-type, HC977 Slides for microscopy were prepared as in (HINAS et al. 2012) , with some modifications 381 for click labeling of 5EU. For mounted adults, 5EU was conjugated to an Alexa 594-382 azide using the Click-iT RNA Imaging Kit (Invitrogen). For embryos, 5EU was first 383 conjugated to biotin-azide (Lumiprobe) using the same Click-iT kit, followed by the 384 Alexa Fluor 594 Tyramide SuperBoost Kit with streptavidin (Invitrogen) for enhanced 385 signal. Detailed procedures can be found in the supplemental methods.
386
Microscopy 387
Most images were captured using a Zeiss LSM880 microscope using the ZEN software 388
(Zeiss) at the Harvard Center for Biological Imaging. Embryo images from Cy5/5EU 389 dual labeling experiments were captured using a Zeiss Axiovert 200 spinning disk 390 confocal microscope with Axiovision (Zeiss). into the syncytial germline can silence the resulting progeny without SID-1. Some 534 injected dsRNA exits the gonad to the PC and is then 2) endocytosed into developing 535 oocytes via LDL receptor super-family member RME-2, or 3) this PC dsRNA can also 536 be directly transported into oocytes via SID-1. 537
Supplemental methods
Labeled RNA preparation
Purified RNA was synthesized by in vitro transcription (IVT) from a DNA template containing T7 promoter sequences. For labeled and unlabeled unc-22 dsRNA, template DNA was prepared by PCR using primers with the T7 promoter sequence appended to the 5' end of both forward and reverse primers. For the Cy5-and 5EU-containing RNA in Fig. 4 , the forward and reverse strands of the eventual dsRNA were prepared independently from template DNA containing only a single T7 promoter.
IVT was performed using an Ampliscribe T7 Flash kit (Epicentre) according to manufacturer instructions with the following modifications for labeled RNAs. For 5EU-labeled RNA, the 100 mM UTP in the reaction was substituted with an equal volume of a 1:1 mixture of UTP and 100mM 5-ethynyl-UTP (Jena Bioscience). 5EU-labeled RNA can also be synthesized using only 5-ethynyl-UTP and no unmodified UTP and behaves similarly in the experiments we performed. For Cy5-labeled RNA, instead of individually adding 0.9 µl of each NTP, a mixture of equal amounts of 100 mM ATP, CTP, and GTP was prepared, and 4.55 µl of this mixture was added to the reaction, followed by 1 µl of 100 mM UTP and 3 µl of 10 mM Cy5-UTP (Amersham). IVT reactions of labeled RNA were incubated at 37°C for 4.5 h, and then treated with DNase I at 37°C for 15 min.
Synthesized RNA was purified using an RNeasy kit (Qiagen). Equal quantities of complementary strands of RNA were then annealed together by heating mixtures to 95°C for 2 min and then gradually lowering the temperature to 20°C at a rate of 0.1°C per second.
Immunohistochemistry
After injection of 5EU-labeled RNA, adults or isolated embryos were transferred to a poly-L-lysine coated slide and covered with 10 µl of 4% paraformaldehyde solution (PFA). A square cover glass was then placed on to the sample, and excess liquid removed by wicking to a tissue paper until the point of mechanical rupturing of eggshells or cuticles to provide access to the fixative. Samples were then left to fix for 15 min at room temperature before flash freezing in liquid nitrogen. Afterwards, the cover glass 
